Objective This work focuses on multiply-related Unified Medical Language System (UMLS) concepts, that is, concepts associated through multiple relations. The relations involved in such situations are audited to determine whether they are provided by source vocabularies or result from the integration of these vocabularies within the UMLS. Methods We study the compatibility of the multiple relations which associate the concepts under investigation and try to explain the reason why they co-occur. Towards this end, we analyze the relations both at the concept and term levels. In addition, we randomly select 288 concepts associated through contradictory relations and manually analyze them. Results At the UMLS scale, only 0.7% of combinations of relations are contradictory, while homogeneous combinations are observed in one-third of situations. At the scale of source vocabularies, one-third do not contain more than one relation between the concepts under investigation. Among the remaining source vocabularies, seven of them mainly present multiple nonhomogeneous relations between terms. Analysis at the term level also shows that only in a quarter of cases are the source vocabularies responsible for the presence of multiply-related concepts in the UMLS. These results are available at: http://www.isped.u-bordeaux2.fr/ ArticleJAMIA/results_multiply_related_concepts.aspx. Discussion Manual analysis was useful to explain the conceptualization difference in relations between terms across source vocabularies. The exploitation of source relations was helpful for understanding why some source vocabularies describe multiple relations between a given pair of terms.
INTRODUCTION
Decades of natural language processing and artificial intelligence research on the methods for terminology acquisition and structuring 1 have resulted in an increasing number of available terminologies. These terminologies often describe complementary features of scientific and technical areas. Consequently, their integration can be useful for the comprehensive description and modeling of these areas. Moreover, the issues specific to integration may also be important in other contexts, such as maintenance, updating, 2 evolution, 3 4 and transcoding or alignment 5 of terminologies and ontologies. As an illustration, the Unified Medical Language System (UMLS) 6 7 integrates over 170 biomedical terminologies. The result of this integration is particularly useful and widely employed in the biomedical area for various applications (eg, information retrieval and extraction, coding of discharge patient records, question/answering systems).
Although sometimes necessary, integration may however also cause conceptual and structural inconsistencies. At the scale of a single terminology, inconsistencies may be found, while the situation becomes more complex when terminologies are merged. Indeed, terminologies are designed and created with different objectives, and have different underlying principles. In order to detect and correct these potential limitations, researchers have proposed methods for auditing terminological resources. Such methods have been applied to WordNet 8 for redundancy and consistency checking. [9] [10] [11] [12] In order to apply this approach to the biomedical domain, we adopt the analysis grid proposed in a recent review of auditing methods, 13 and distinguish three aspects: 1. Terms and concepts: this aspect focuses on term labeling, 14 ambiguity and polysemy, [15] [16] [17] synonymy completeness, [18] [19] [20] [21] [22] coverage for a given subdomain or application, 18 21 23-26 and modifier influence. 27 2. Semantic categorization: the consistency of the UMLS semantic categorization of concepts is checked according to the hierarchical relations associating these concepts. 16 26 28-33 3. Semantic relationships: the consistency of hierarchical relationships and their coverage have been widely studied, 15 19 23 28 30 34-41 while other types of relationships have not been studied properly to date. Our study concerns the first and third aspects. We propose analyzing the multiply-related UMLS concepts, that is, concepts which are associated through multiple relationships. This situation arises within the UMLS because, during the integration of source vocabularies, any information related to terms and relations is preserved. In our opinion, beyond the integration of synonymous terms and the increase in the lexical coverage provided by a single terminology, the generation of multiplyrelated concepts is another artifact of terminology integration. To our knowledge, this aspect has not yet been systematically investigated. The closest work, 42 which focuses on such UMLS concepts, only performs manual categorization and review of some common situations. In our study, we propose automatic methods to audit all multiply-related UMLS concepts. Basically, we study the compatibility of the multiple relations which associate the concepts under investigation and seek to explain the reason why they co-occur. In addition, we randomly select 288 concepts associated through contradictory relations and manually analyze them. Our previous work 43 is strengthened with several detailed analyses of the data. In addition, new aspects have been added, such as clarification of the main terms used in the paper and investigation of incompatibilities between relations at the scale of source terminologies, especially by considering the term level.
MATERIAL
The UMLS is a terminological system whose main component, the Metathesaurus, integrates 173 source vocabularies and represents a huge graph composed of 2 669 792 concepts. A concept corresponds to a set of synonymous terms provided by different source vocabularies (in this paper, we use 'source vocabularies' and 'source terminologies' interchangeably). The concepts are organized within a very dense terminological network: 53 942 132 binary relations linking concepts are recorded in the investigated version of the UMLS (2012AA). Such a huge quantity of relations is due to the fact that, according to the UMLS building rules, all the relations existing in the source vocabularies have to be integrated within the UMLS, even when there are conflicting relations between two concepts.
There are 11 types of active UMLS relationships in the 2012AA version, which can be grouped into three general classes (table 1) :
Regarding the relationships at the scale of source vocabularies, the Metathesaurus records around 300 source relationships and assigns each of them to one of the 11 active UMLS relationships according to the source vocabularies documentation or their interpretation by the National Library of Medicine (NLM) team. For instance, the source relationship same_as is assigned to the SY relationship, inverse_isa to PAR, and has_component to RO.
METHODS
For a given pair of concepts (C 1 , C 2 ) associated through multiple relations, we study the compatibility between relationships at the UMLS scale and at the scale of source vocabularies. We then determine the reason for the presence of multiple relations between concept pairs. Before presentation of the methods, we define the main terms used and explain the material preparation.
Definitions
Relationship and relation: while relationship indicates a given type of relation (eg, synonymy relationship, hierarchical relationship), relation refers to every individual link between two given terms.
Multiply-related concepts: Two distinct UMLS concepts that are associated through at least two relationships, are multiply-related concepts. For example, Butyrolactone (C0178525) is multiply related to Lactones (C0022947) through PAR and RB.
Source relation(ship): A source relation(ship) corresponds to a relation(ship) which comes from source terminologies distinct from the 11 active UMLS relationships.
Symmetric relationships: Symmetric relationships correspond to relationships which can be read identically in both senses, that is, if a triplet (C 1 , R, C 2 ) exists, then the triplet (C 2 , R, C 1 ) is also present. Among the UMLS relationships, RL, RO, RQ, SIB and SY are symmetric.
Inverse relationships: When two concepts are linked to each other through reciprocal relationships from the same class, these relationships are characterized as inverse. The inverse relationships present in the UMLS are AQ/QB, PAR/CHD and RB/RN.
Material preparation and de-duplication
As mentioned previously, all (source) relations existing in the source vocabularies are integrated within the UMLS. Consequently, some relations may be redundant when described by distinct vocabularies. This results in identical triplets, of which we keep only one specimen. For example, the SY relation existing between Adrenocortical hyperfunction (C0001622) and Cushing's syndrome (C0010481) is defined both in MEDCIN and SNOMEDCT. Only one triplet (Adrenocortical hyperfunction, SY, Cushing's syndrome) is considered here.
Due to other building principles, binary relations are represented in both directions within the UMLS. In practice, if a source vocabulary describes that a given asymmetric/symmetric relation exists between C 1 and C 2 , then its inverse/the same relation is also recorded between C 2 and C 1 when the source vocabulary is integrated within the UMLS. We de-duplicate such situations so that we do not analyze the same triplet twice. For instance, of the two triplets (Butyrolactone, RB, Lactones) and (Lactones, RN, Butyrolactone), only the first one is kept.
Finally, the labeled relationships mapped_to and mapped_-from are defined as 'one-to-one mappings between two vocabularies which are both present in the UMLS. ' We thus choose to ignore them because they are generated by the UMLS based on maps between source terminologies, and so are different from other relationships.
Compatibility of relationships associating multiply-related concepts
We study the compatibility of the relationships which associate multiply-related concepts and distinguish four situations (figure 1): ▸ Contradictory combinations: combinations which include inverse relationships (eg, CHD PAR, RB RL RN, AQ QB, PAR RN RO SIB). Although not natively inverse, the combinations involving PAR with RN and RB with CHD are also considered as contradictory ▸ Granularity difference: combinations which include SIB and/ or SY combined with at least one of the following hierarchical relationships: PAR, CHD, RB, RN (eg, PAR SIB, PAR RO SIB, RB SY) ▸ Heterogeneous combinations: combinations involving relationships from distinct classes (ie, synonymy, hierarchical, associative) (eg, PAR RO, RQ SIB, PAR RB RO RQ) ▸ Homogeneous combinations: the two combinations PAR RB and CHD RN in addition to any combination of relationships within the associative class except for AQ QB because they are inverse (eg, RO RL, AQ RO RQ). The pairs are associated with only one of these categories in the order of their presentation. Thus, if a concept pair exhibits both contradictory and homogeneous combinations, then the pair is only counted in contradictory combinations.
The compatibility of relationships is investigated at the UMLS scale and at the scale of source terminologies. In addition, since contradictory combinations produce the most problematic situations, we manually analyze 10% of concept pairs randomly extracted from this set.
Reason for the presence of multiple relations between concepts
We want to determine, for each pair of concepts under investigation, if its combination of relations already exists in source vocabularies or if it results from their integration within the UMLS. Towards this end, for each pair of concepts, we first check if at least one source terminology describes its combination. If not, then the presence of multiple relations is due to the UMLS integration process. If the combination is observed in a given source vocabulary, it is necessary to check if it also exists at the term level. In practice, we analyze the terms which are clustered into multiply-related concepts and consider that the combination actually originates from the source vocabulary if the same pair of terms is multiply-related (figure 2).
RESULTS
After de-duplication, the number of distinct concept pairs is 12 356 156 (involving 2 669 792 distinct concepts). Our study addresses the 439 087 concept pairs (involving 360 098 distinct concepts) which are associated through multiple relations, corresponding to 3.6% of the total number of concept pairs related within the UMLS (involving 13.5% of distinct concepts). The results presented in this section are available at: http://www. isped.u-bordeaux2.fr/ArticleJAMIA/results_multiply_related_ concepts.aspx.
Compatibility of relationships associating multiply-related concepts
At the UMLS scale (table 2), combinations exhibiting contradictions and granularity differences represent 0.7% and 20.0% of the investigated concept pairs, respectively. Heterogeneous combinations are the most frequent (45.4%) and homogeneous combinations represent 33.9% of all investigated concept pairs. A total of 157 combinations are observed, and the 10 most common cover over 88.0% of the entire set. The three most frequent combinations correspond to different situations: homogeneous PAR RB (31.4%), heterogeneous PAR RO (26.4%) and granularity difference PAR SIB (11.6%). Conversely, 60 combinations (eg, CHD PAR RB RL RN RQ SIB, PAR RN SY, AQ RB, RB RL RO SY) occur less than 10 times. Although only 0.7% of concept pairs are related through contradictory combinations, this situation shows the highest number of combinations (59.9%).
At the scale of source vocabularies, the concepts investigated are provided by 66 source terminologies (table 3) . We distinguish two categories: ▸ Twenty-two source vocabularies do not exhibit any combination of relationships (eg, HLREL, KCD5, MMSL, MTH, NIC, RXNORM). In other words, these source terminologies always contain only one relationship between two concepts. ▸ Forty-four source vocabularies describe multiple relations between the concepts under investigation (table 4) . Only seven of them (all containing fewer than 70 pairs of multiply-related concepts) present a high percentage of contradictory combinations (eg, 100% for ICD10, CST and DSM4). Eleven source terminologies contain mainly concepts multiply related through relations with granularity difference (eg, over 97% for RCD, ICD9CM and ICD10AM), while 15 source vocabularies mainly exhibit heterogeneous combinations (eg, over 99% for LNC, NDFRT and NCI). The 11 remaining source terminologies exhibit a high percentage of concept pairs related through homogeneous combinations (eg, over 95% for AOD, CSP, PSY and NEU).
Reason for the presence of multiple relations between concepts
For 179 963 concept pairs (41.0%), the combination of relations is not present in source terminologies and thus appears during their integration into the UMLS. For example, Skeletal system (C0037253) is related to Skeletal bone (C0262950) through CHD in LNC (represented by a PAR relationship from Skeletal system to Bones in figure 3A) and PAR in RCD. When investigating the term level for the remaining 259 124 concept pairs, we discover that for 150 109 concept pairs (34.2%), distinct term pairs are associated through unique relations. This means that the presence of multiple relations between the corresponding concepts actually results from the UMLS integration process, when the different terms were clustered into a unique concept. As an illustration, Ameboma of intestine (C0494031) is related to Amebiasis (C0002438) through PAR and SIB according to ICD10CM. However, the ICD10CM term belonging to the former concept, Ameboma of intestine, is associated with the ICD10CM terms Amebiasis and Amebiasis, unspecified (part of the second concept) through PAR and SIB, respectively (figure 3B). Consequently, 'only' 109 015 concept pairs (24.8%) are already multiply related in source vocabularies. For example, DNA, A-form (C0000702) is related to Nucleic acid conformation (C0028599) through PAR and RO because the corresponding MSH terms are associated through these multiple relations ( figure 3C ). At the scale of source terminologies, we further analyze the 44 source terminologies exhibiting multiple relations between the concepts under investigation. We indicate in the seventh and eighth columns of table 4 whether the relations are unique or multiple at the term level. The 14 source terminologies exhibiting mainly pairs multiply related at the term level are those which require further investigation because they associate a given pair of terms through multiple relations. Among them, two profiles can be distinguished: ▸ Seven source vocabularies mainly associate terms through homogeneous combinations of relations (eg, UWDA, AOD, CSP and PSY), PAR RB most of the time (highlighted in italics in table 4). ▸ The seven remaining source terminologies principally relate terms with non-homogeneous combinations (eg, GO, NCI, FMA and MEDLINEPLUS), such as RB SIB, PAR RO and RO SIB (highlighted in bold in table 4).
Detailed analysis of contradictory combinations
We first determine the reason for the presence of multiple relations between the 288 pairs of concepts under investigation (10% of 2880). For 182 of them, the combination of relations does not exist in the source vocabularies. For the 106 remaining pairs, only three of them are actually multiply related in source terminologies. For example, Common bile duct (C0009437) and Hepatopancreatic ampulla (C0042425) are related through CHD, PAR, RN and RO in UWDA. Thus, UMLS integration is responsible for 99.9% of these contradictory combinations. Manual analysis of these 288 pairs indicates that contradictory combinations often exist because of inherent or terminology-induced semantic features of terms: ▸ The semantic value of compounds which coordinate terms (colorectal and colon/rectum), as previously observed in Bodenreider et al, 27 and of the coordination (and/or) in general may differ according to source vocabularies. For instance, in MDR, Esophageal stenosis (C0014866) is parent of Oesophageal stenosis and obstruction (C0851721), while the relation is inverted in MEDCIN. We assume this situation is due to the meaning given to the coordination: it may be used to create more general terms or to specify terms. The semantic meaning of the unspecified (NOS, NEC, etc) modifier can also vary according to source terminologies. ▸ The implicit nature of some modifiers may have an impact on semantic relations. For example, Total nephrectomy (C0176996) and Nephrectomy (C0027695) are associated through five relations (PAR, RN, RO, SIB, SY). The difference seems to be due to the total modifier, which may be implicit (SY is then proposed) or not (other relationships are then proposed). ▸ Functional and causal links between terms also present great variations when they are transformed into hierarchical relationships. For instance, Angioedema (C0002994) and Urticaria (C0042109), which are common manifestations of allergic reactions, are related through CHD, PAR, RB, RO, RQ and SIB. ▸ The ambiguity of some components of the terms can result in contradictory relationships across the source vocabularies. For example, Adrenal gland diseases (C0001621) and Dysfunction adrenal (C0549609) are associated through PAR, RN and RQ, in which dysfunction can mean (broadly) any disorder, or (narrowly) specific conditions in which endocrine function is either increased or decreased. ▸ The difficulty for reflecting the structure of chemical products sometimes results in contradictory relations representing the different compounds. For instance, the link between Clodronic acid (C0012081) and Clodronate (C0162357) attempts to translate the chemical derivation of products into hierarchical (PAR, RB, RN) or other (RO) relationships. ▸ Terms with descriptive labels or terms reflecting complex biomedical notions, coupled with the choice of source vocabularies to create all possible links between such terms, may lead to inconsistencies. In fact, this situation may involve and accentuate any other cause discussed above: ▸ The meaning of terms may overlap, while each of them may have its own modifier(s), such as skin and other in the pair Skin diseases, bullous (C0085932) and Other bullous disorders (C0494828) ▸ They may combine several other causes already mentioned.
DISCUSSION

Findings and limitations
Our study has interesting findings. At the UMLS scale, contradictory combinations are infrequent and may result from the fact that the conceptualization of relations between terms can be On the other hand, when the relations constitute nonhomogeneous combinations, the situation is more troublesome because this indicates that a given source terminology describes multiple and potentially incompatible relations between two terms. Three of such source vocabularies are further investigated in the following section. Finally, analysis at the term level also shows that the source vocabularies are responsible for the presence of multiply-related concepts in the UMLS only in a quarter of cases. Our study has several limitations. First, it concentrates on precise situations within the UMLS. Because these correspond to complex relation combinations, they represent a small percentage of the entire set of UMLS relations. Second, our study is limited to multiply-related concepts when they are distinct. It would be interesting to investigate multiple relationships existing within a unique concept. Finally, our analysis at the term level may have underestimated the responsibility of source vocabularies for the presence of multiple relations between the investigated concepts. In particular, MDR uses distinct terms (and codes) to represent a unique concept, 44 which may result in misinterpretations. As an illustration, Agranulocytosis (C0001824) and Neutropenia (C0027947) are related through PAR and SIB in the UMLS because the MDR term Agranulocytosis (MDR code: 10001507) is associated with Neutropenias (10029355) and Neutropenia (10029354) through PAR and SIB, respectively. Here, the actual reason why multiple relations appear between the corresponding concepts is because MDR does not cluster synonymous terms into a unique code.
Analysis of source vocabularies that give rise to non-homogenous combinations at the term level
As seen in the 'Reason for the presence of multiple relations between concepts' section, seven source terminologies principally relate terms with non-homogeneous combinations, which may be problematic. We study three of them in more detail by analyzing the combinations of source relationships. In GO, 45 the most frequent combination is RB SIB, which is principally associated with the has_part none combination of source relationships. 'None' appears when a given relationship is not specified by a source vocabulary. Here, this is due to the presence of the relationship SIB, which is systematically added by the UMLS when two concepts have a common parent in a given source terminology. The relationship has_part is assigned to RB within the UMLS. When investigating examples of such combinations, we have observed redundant relations in GO, which then result in multiple relations within the UMLS. As an illustration from GO (figure 4), Intracellular canaliculus is represented as part_of Apical plasma membrane. In addition, Intracellular canaliculus is also defined as part_of Plasma membrane part, to which Apical plasma membrane is related through isa. The UMLS records a SIB relationship between Intracellular canaliculus (C0230646) and Apical plasma membrane (C1167182) because they are both associated with Plasma membrane part (C1820065) (although in the first case it is through a partitive relationship, whereas it is a subsumption one in the second case). As indicated in GO, 46 if A part_of B and B isa C, then A part_of C. Thus, the relation part_of existing between Intracellular canaliculus and Plasma membrane part should be removed from GO because it can be inferred. Without this redundant relation, no SIB relationship would be recorded in the UMLS and only a single relation would exist between the corresponding concepts.
In NCI, 47 the two major combinations of source relationships are inverse_isa parent_is_cdrh and inverse_isa is_biochem-ical_ function_of_gene_product, both corresponding to the combination PAR RO. In any case, inverse_isa is assigned to PAR, while the second source relationship is assigned to RO. The relationship parent_is_cdrh is defined as a property 'created to allow the source CDRH to assign a parent to each concept with the intent of creating a hierarchy that includes only terms in which they are the contributing source.' According to this definition, Except for the last two columns, the indicated numbers correspond to pairs of concepts which are associated through combinations of relations or through unique/multiple relations at the term level. Source vocabularies highlighted in italics mainly present multiple relations between terms whose combination is homogeneous, while those highlighted in bold mainly present multiple relations between terms whose combination is not homogeneous. Figure 3 Illustrations of multiple relations between UMLS concepts at the term level: (A) a contradictory combination generated during the UMLS integration process, (B) a combination exhibiting granularity difference generated during the UMLS integration process, (C) a heterogeneous combination already present in MSH.
the UMLS apparently misinterprets these relationships, which should preferably be assigned to PAR. Conversely, NCI surprisingly (and probably wrongly) combines inverse_isa with is_ biochemical_function_of_gene_product for more than 1000 pairs of terms. An example is Interleukin-13 (C0214743) and Interleukins (C0021764), which are both gene products and should not be related through is_biochemical_function_of_ gene_product.
In MEDLINEPLUS, 48 the only combination of source relationships is related_to none, corresponding to the combination RO SIB. This situation occurs because MEDLINEPLUS is not a real terminology. Indeed, it provides information about high level subject categories for consumer health information, which group together medical topics associated only through related_to relationships, although more precise relationships would sometimes be more appropriate. As an illustration, Spina Bifida (C0080178) and Neural Tube Defects (C0027794) are associated through related_to in MEDLINEPLUS (RO) and, because they belong to the same medical topic group Genetics/Birth Defects (C1456603), a SIB relationship is also recorded within the UMLS between these two concepts. Actually, Spina Bifida should be described as isa Neural Tube Defects (its MEDLINEPLUS definition begins with 'It is a type of neural tube defect').
Preventing contradictory relationships
It should be noted that the presence of multiple relationships within the UMLS is not problematic per se, especially because its objective is to preserve all the relations asserted in the source vocabularies. However, this situation becomes problematic when the relations between two concepts are contradictory. As shown in the sections 'Reason for the presence of multiple relations between concepts' and 'Detailed analysis of contradictory combinations,' incompatible relationships are predominantly generated during the UMLS integration process and we mentioned multiple reasons why this happens. To avoid such situations, a simple solution could be to create a new concept if symmetric hierarchical relationships co-occur. This could solve cases like that presented in figure 3B : with an additional concept containing Amebiasis, unspecified, there would no longer be a granularity difference between relationships. Nevertheless, this solution may cause a dramatic increase of the number of concepts within the UMLS and may not solve all the problematic situations generated during the integration process. Thus, a clear identification of the problem, similar to that proposed here, is required so that users are aware of such situations and consider them cautiously.
In some cases, however, some source vocabularies define contradictory combinations between terms. For example, SNOMEDCT relates Pleural membrane structure (C0032225) and Entire pleura (C1279036) through inverse_isa and part_of (recorded as PAR and RN within the UMLS, respectively), although this appears to be contradictory. We suggest that such relations should be removed from source terminologies.
CONCLUSION
Our study is different from previous proposals in several ways: (1) we focus on multiply-related concepts; (2) we propose automatic and manual analyses of synonymous, hierarchical and associative relations; (3) we investigate the relationships' compatibility; (4) and we study these situations at the UMLS scale and at the scale of source vocabularies (concept and term levels). The source terminologies are actually responsible for the presence of multiply-related concepts in the UMLS in a quarter of cases. The manual analysis was useful for explaining the conceptualization difference in relations between terms across source vocabularies. Finally, the exploitation of source relationships was helpful for understanding why some source terminologies describe multiple relations between a given pair of terms.
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